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Abstract. The CP-violating weak phase φs and the decay width difference ∆Γs of B0s mesons are mea-
sured by the CMS experiment at the LHC using a data sample of B0s→ J/ψ (µµ) φ (KK) decays. The
analysed dataset corresponds to an integrated luminosity of about 20 fb−1 collected in pp collisions
at a centre-of-mass energy
√
s = 8 TeV. A total of 49 000 reconstructed B0s decays are used to extract
the values φs and ∆Γs by performing a time-dependent and flavour-tagged angular analysis of the
µ+µ−K+K− final state. The weak phase is measured to be φs = −0.03± 0.11 (stat.)± 0.03 (syst.) rad,
and the decay width difference between the B0s mass eigenstates is ∆Γs = 0.096 ± 0.014 (stat.) ±
0.007 (syst.) ps−1.
1 Introduction
Neutral B mesons are subject to mixing, i.e., oscil-
lations from particle to antiparticle through flavour
changing neutral currents quark transition that
change the meson flavour by two units, ∆B = 2.
The B0s mixing is characterized by the mass differ-
ence ∆ms and by the decay width difference ∆Γs be-
tween the heavy (BH) and light (BL) mass eigen-
states. A CP-violating phase φs arise from the in-
terference between direct B0s meson decays into a
b→ cc¯s CP eigenstate, and decays mediated by mix-
ing to the same final state. The two correspond-
ing phases φDs and φMs depend on the convention
of the CKM matrix parameterization. However,
the difference φs is phase-independent, and neglect-
ing penguin diagram contributions, it is related to
the elements of the CKM matrix, as: φs ' −2βs,
where βs = arg(−VtsV∗tb/VcsV∗cb). A value of φs '
2βs = 0.0363+0.0016−0.0015 rad, is predicted by the stan-
dard model (SM), determined via a global fit to ex-
perimental data [1]. Since the value is small and
precisely predicted, any deviation of the measured
value would be particularly interesting as a possible
hint of physics beyond the SM, contributing in the
B0s mixing. The decay width difference ∆Γs is pre-
dicted to be non-zero in the SM, and the theoretical
prediction, assuming no new physics in B0s mixing,
is ∆Γs = 0.087 ± 0.021 ps−1 [2]. In this measure-
ment the B0s → J/ψ (µµ) φ (KK) decay channel has
a non-definite CP final state, and an angular anal-
ysis is therefore applied to disentangle the CP-odd
and CP-even components. A time-dependent angu-
lar analysis is performed with the CMS detector [3]
by measuring the decay angles of the final state par-
ticles µ+µ−K+K−, and the proper decay length of
the B0s . In this measurement the transversity basis
is used [4]. The angles θT and ϕT are the polar and
azimuthal angles of the µ+ in the rest frame of the
J/ψ, respectively, where the x axis is defined by the
direction of the φ (1020) meson in the J/ψ rest frame,
and the x-y plane is defined by the decay plane of the
φ (1020)→K+K−. The helicity angle ψT is the angle
of the K+ in the φ (1020) rest frame with respect to
the negative J/ψ momentum direction. The differen-
tial decay rate of the B0s → J/ψ φ in terms of proper
decay length and angular variables is represented ac-
cording to Ref. [5], as:
d4Γ(B0s)
dΘdct
= f (Θ, α, ct) ∝
10
∑
i=1
Oi(α, ct) · gi(Θ), (1)
where Oi are the time-dependent functions, gi are
the angular functions, Θ represents the angles, and
ct represents the proper decay length of the B0s me-
son. A detailed description of the signal model can
be found in Ref. [6].
2 Event selection and simulated samples
The analized events are selected with a trigger op-
timized for the detection of b-hadrons decaying to
J/ψ(µ+µ−), with a dimuon invariant mass within
the range [2.9 − 3.3] GeV, and transverse momen-
tum (pT) greater than 6.9 GeV. The muon trajectories
are fit to a common decay vertex, and the transverse
decay length significance Lxy/σLxy is required to be
greater than three, where Lxy is the distance between
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the primary and secondary vertex in the transverse
plane, and σLxy is its uncertainty. The vertex fit prob-
ability is required to be larger than 15%. Offline se-
lection criteria requires the J/ψ to be reconstructed
using muons with a transverse momentum greater
than 4 GeV. The dimuon invariant mass is required
to lie within 150 MeV from the world-average J/ψ
mass value [7]. Candidate φ (1020) mesons are re-
constructed from pairs of oppositely charged tracks
with pT > 0.7 GeV, after excluding the muon can-
didate tracks forming the J/ψ. Each selected track
is assumed to be a kaon and the invariant mass the
candidate φ (1020) is required to be within 10 MeV
of the world average meson mass [7]. B0s candidates
are formed by combining a J/ψ with a φ (1020) can-
didate. The two muons and the two kaons are fitted
with a combined vertex and kinematic fit, with a con-
straint of the dimuon invariant mass to be the nom-
inal J/ψ mass [7]. A B0s candidate is retained if the
J/ψ φ pair has an invariant mass between 5.20 and
5.65 GeV and the χ2 vertex fit probability is larger
than 2%. For each selected event the primary ver-
tex which minimises the angle between the flight di-
rection and the momentum of the B0s candidate is
selected. For events with more than one B0s candi-
date, the candidate with the highest vertex fit prob-
ability is selected. Simulated events are produced
using the PYTHIA 6.4 Monte Carlo event generator
and EVTGEN simulation package. The generated
events are then passed through a full CMS detec-
tor simulation using the GEANT package. Simulated
B0s → J/ψ φ samples, validated through comparison
with the data, are used to determine the signal recon-
struction efficiencies, and to estimate the background
components in the signal mass window. The angular
efficiency correction e(Θ) is obtained from simula-
tions with a three-dimensional function of the angu-
lar variables in order to take into account the corre-
lation between the angular observables. The proper
decay length, ct, is required to be larger than 200 µm
in order to avoid a lifetime bias due to the turn-
on curve of the trigger efficiency. The main back-
ground for the B0s → J/ψ φ decays originates from
non-prompt J/ψ arising from the decay of b-hadrons,
such as B0, B+ and Λb. The Bc cross section is ex-
pected to be very small and therefore Bc decays are
not considered. The Λb contribution to the selected
events is also found to be very small and the mass
distribution in the selected mass range is observed to
be flat. The mass distribution of the signal region is
shown in Fig. 1.
3 Flavour Tagging
A flavour tagging algorithm is used to identify of the
flavour of the B0s meson at production time, improv-
ing the sensitivity on φs phase. The flavour of the B0s
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Figure 1. The mass distribution of the J/ψKK candidates.
The full line is a fit to the data (solid markers), the dashed
green line is the fitted signal and the dashed red line is the
fitted background.
is inferred on a statistical basis using the properties
of the decay products of the opposite side B hadron,
assuming the bb¯ production process occurred. The
tagging tool provides the inferred flavour of the B0s
meson and the value of the mistag fraction ω, which
represents the fraction of incorrectly tagged events.
The tagging efficiency εtag and the mistag fraction ω
are related to the effective tagging efficiency or tag-
ging power, Ptag = εtag (1− 2ω)2. In the present
analysis an opposite-side lepton (µ,e) tagger is used.
For each event the lepton with the highest pT in the
event is selected. If no lepton information has been
retrieved the tag information is set to zero. The tag
lepton selection is optimized, using B0s simulations,
so that the power of tagging Ptag is maximized sepa-
rately for electrons and muons. The flavour tagging
is measured from data using the self-tagging chan-
nel B+ → J/ψK+. The B+ signal is selected with
cuts as similar as possible to those applied to the sig-
nal sample. The tagging performance of simulated
B+ and B0s events is compared with the B
+ data and
found to be consistent. In order to increase the sen-
sitivity on φs, the mistag fraction ω is binned and
parametrized as a function of the transverse momen-
tum of the lepton, as shown in Fig. 2. If multiple tag
leptons are found in the event, the tagger with the
lowest mistag is selected. The mistag fraction is as-
signed to all the tagged events using the parametri-
sations obtained for electrons and muons in B+ data.
The combined tagging performances evaluated on
data are ω = (32.2 ± 0.3)%, εtag = (7.67 ± 0.04)%
and Ptag = (0.97± 0.03)%, where the reported un-
certainties are statistical only.
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Figure 2. The mistag fraction ω as a function of the lep-
ton transverse momentum for muons (top) and electrons
(bottom). The points obtained from B0s simulation (red),
B+ simulation (blue) and B+ data (black) are shown. The
continous lines describe are the relative parametrisations.
4 Maximum likelihood fit
An unbinned maximum likelihood fit to the data is
performed by including information on the invariant
mass (m), proper decay length (ct), the three decay
angles (Θ) of the reconstructed B0s candidates, and
the proper decay length uncertainty (σct) obtained
propagating the uncertainties of the proper decay
length measurement. From this multi-dimensional
fit, the parameters of interest ∆Γs, φs, the B0s mean
lifetime cτ, |A⊥|2, |A0|2, |AS|2, and the strong phases
δ‖, δ⊥ and δS⊥ are determined. The event likelihood
function L can be represented as described in Eq. 3,
where Lsig is the PDF that describes the B0s → J/ψ φ
signal model and Lbkg describes the background con-
tributions.
L = Lsig + Lbkg (2)
Lsig = NS ·
(
f˜ (Θ, α, ct)⊗ G(ct, σct) · e(Θ)
) ·
PS(mB0s ) · PS(σct) · PS(ξ)
Lbkg = NBG · PBG(cos θT , ϕT) · PBG(cosψT)·
PBG(ct) · PBG(mB0s ) · PBG(σct) · PBG(ξ)
The PDF f˜ (Θ, α, ct) is the differential decay rate func-
tion defined in Eq. 1 modified to include the flavour
tagging information and the dilution term (1− 2ω).
In the model f˜ the longitudinal phase δ0 is set to
zero, and the difference of phases δS − δ⊥ is fitted
with a unique variable δS⊥ to reduce the correlation
among the fitted parameters. Here e(Θ) is the an-
gular efficiency function and G is a Gaussian reso-
lution function, which makes use of the event-by-
event proper decay length uncertainty σct scaled by
a factor κ, which is a function of ct. The κ factor is
a scale factor introduced to correct the proper de-
cay length uncertainty in order to resemble the ac-
tual resolution. It is measured in simulated samples
assuming that the κ factor is the same as in data.
For this assumption a systematic uncertainty is eval-
uated. All the parameters of the PDFs are left free to
float in the final fit, unless explicitly stated otherwise.
The signal mass PDF PS(mB0s ) is given by the sum
of three Gaussian functions with a common mean;
the two smaller widths, the mean and the fraction
of the Gaussians are fixed to the values obtained in
a one-dimensional mass fit. The background mass
distribution PBG(mB0s ) is described by an exponen-
tial function. The background proper decay length
component PBG(ct) is described by the sum of two
exponential functions. The angular part of the back-
ground PDFs, PBG(cos θT , ϕT) and PBG(cosψT), are
described analytically by a series of Legendre poly-
nomials for cos θT and cosψT and sinusoidal func-
tions used for the angle ϕT . For the cos θT and ϕT
variables a two-dimensional PDF is used to take into
account the correlation among the variables. The
proper decay length uncertainty signal PDF PS(σct) is
a sum of two Gamma functions, where all the param-
eters are fixed to the values obtained fitting a sample
of background-subtracted events. The proper decay
length uncertainty background PDF PBG(σct) is rep-
resented by a single Gamma function, where all the
parameters are fixed to the values obtained fitting the
mass peak sideband events. The PS(ξ) and PBG(ξ)
are the flavour tag decision ξ PDFs which have been
obtained from the data sample.
5 Results
The fit is applied to the sample of 70 000 events
(49 000 signal candidates and 21 000 background
events), selected in the mass range [5.24− 5.49] GeV
and proper decay length range [200− 3 000] µm. The
∆ms has been constrained in the fit to the current
world average value (17.69± 0.08)× 1012 h¯/s [7] by
taking a Gaussian distribution centred on the world
average with the uncertainty as the width. No direct
CP violation is assumed for this measurement, and
therefore |λ| is set to one, consistent with the results
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Figure 3. The proper decay length distribution (top) and
the proper decay length uncertainty (bottom) of the B0s can-
didates. The full line is a fit to the data (solid markers), the
dashed green line is the fitted signal and the dashed red
line is the fitted background. For the proper decay length
distribution the pull between the histogram and the fitted
function is displayed in the histogram below.
in Ref. [8]. The ∆Γs is constrained to be positive as in
Ref. [9]. The observable distributions and the fit pro-
jections are shown in Figs. 1, 3, and 4. The 68%, 90%
and 95% Confidence Level (C.L.) likelihood contours
of the fit for φs and ∆Γs are shown in Fig. 5. The fit
results are presented in Table 1, where the uncertain-
ties are statistical only.
6 Systematics
The systematic uncertainties are summarized in Ta-
ble 2. The uncertainties of the φs and ∆Γs results are
dominated by statistical uncertainties. The system-
atic uncertainty associated with the hypothesis of a
flat proper decay length efficiency is evaluated by
fitting the data with the a proper decay length effi-
ciency which takes into account a small contribution
of the decay length significance cut at small ct and a
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Figure 4. The angular distributions (cos θT , cosψT , ϕT) of
the B0s candidates. The full line is a fit to the data (solid
markers), the dashed green line is the fitted signal, and the
dashed red line is the fitted background.
first order polynomial variations at high ct. The un-
certainties associated with the variables of threedi-
mensional angular efficiency function cos θT , cosψT ,
and ϕT are propagated to the fit results by varying
the corresponding parameters within their statisti-
cal uncertainties and accounting for the covariances
among the parameters. The systematic uncertainty
due to a small discrepancy in the kaon pT spectrum
between the data and the simulations is evaluated
by reweighting the simulated kaon pT spectrum to
agree with the data. The intrinsic biases of the fit
model are taken into account as a systematic effect.
The uncertainty in the proper decay length resolu-
tion associated with the proper decay length uncer-
tainty scale factor κ is propagated to the results. Since
the κ(ct) factors are obtained from simulation, the
associated systematic uncertainty is assessed by us-
ing a sample of prompt J/ψ decays obtained with
an unbiased trigger and comparing them to simi-
larly processed simulated data. The likelihood does
Parameter Fit result
|A0|2 0.511± 0.006
|AS|2 0.015± 0.016
|A⊥|2 0.242± 0.008
δ‖ [rad] 3.48± 0.09
δS⊥ [rad] 0.34± 0.24
δ⊥ [rad] 2.73± 0.36
cτ [µm] 447.3± 3.0
∆Γs [ps−1] 0.096± 0.014
φs [rad] -0.03± 0.11
Table 1. Results of the fit to the 2012 data. Only the
statistical uncertainties are shown.
Source of uncertainty |A0|2 |AS|2 |A⊥|2 ∆Γs [ps−1] δ‖ [rad] δS⊥ [rad] δ⊥ [rad] φs [rad] cτ [µm]
Statistical uncertainty 0.0058 0.016 0.0077 0.0138 0.092 0.24 0.36 0.109 3.0
Angular efficiency 0.0060 0.008 0.0104 0.0021 0.674 0.14 0.66 0.016 0.8
|λ| as a free parameter 0.0001 0.005 0.0001 0.0003 0.002 0.01 0.03 0.015 -
Model bias 0.0008 - - 0.0012 0.025 0.03 - 0.015 0.4
Kaon pT re-weighting 0.0094 0.020 0.0041 0.0015 0.085 0.11 0.02 0.014 1.1
Proper decay length resolution 0.0009 - 0.0008 0.0021 0.004 - 0.02 0.006 2.9
PDF modelling assumptions 0.0016 0.002 0.0021 0.0021 0.010 0.03 0.04 0.006 0.2
Flavour tagging - - - - - - 0.02 0.005 -
Background mistag modelling 0.0021 - 0.0013 0.0018 0.074 1.10 0.02 0.002 0.7
Proper decay length efficiency 0.0015 - 0.0023 0.0057 - - - 0.002 1.0
Total systematics 0.0116 0.022 0.0117 0.0073 0.684 1.12 0.66 0.032 3.5
Table 2. Summary of the uncertainties. If no value is reported, then the systematic uncertainty is negligible with respect
to the statistical and other systematic uncertainties. The total systematic uncertainty is the square root of sum of squares
of the listed systematic uncertainties.
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Figure 5. The 68%, 90% and 95% C.L. contours in the ∆Γs
versus φs plane, together with the SM fit prediction. Un-
certainties are statistical only.
not contain a PDF model for the mistag distribution,
therefore the systematic uncertainty arising from this
source is estimated. The systematic uncertainty due
to tagging is assessed by propagating the statistical
and systematic uncertainty of the ω parametrisation
to the results. The various hypotheses that have been
assumed when building the likelihood function are
tested by generating simulated pseudo-experiments
with different hypotheses in the generated samples
and fitting the samples with the nominal likelihood
function. Finally the |λ| = 1 hypothesis is tested by
leaving that parameter free in the fit. The obtained
value of |λ| agrees with one within one standard de-
viation. The differences found in the fit results with
respect to the nominal fit are used as systematic un-
certainties.
7 Conclusions
Using the 2012 CMS data approximately 49000 B0s
signal candidates were reconstructed and used to ac-
curately measure the weak phase φs and the decay
width difference ∆Γs. The analysis was performed by
using opposite-side lepton tagging of the B0s flavour
at the production time. Both muon and the electron
tags were used. The measured values for the weak
phase and the decay width difference between the B0s
mass eigenstates are:
φs = −0.03± 0.11 (stat.)± 0.03 (syst.) rad (3)
∆Γs = 0.096± 0.014 (stat.)± 0.007 (syst.) ps−1 (4)
where the uncertainties of the φs and ∆Γs results
are dominated by statistical uncertainties. The value
of φs is in agreement with the previous measure-
ments and with the SM fit prediction, and ∆Γs is con-
firmed to be non-zero.
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